Antibiotic-resistant and auxotrophic mutants of Bordetella pertussis were isolated. These were used as recipients for the uptake from Escherichia coli of broad-host-range R plasmids R68.45, RPl, and RP1 and RP4 carrying transposons Tn.501 and Tn7 respectively. B. pertussis transconjugants from these crosses were used as donors to mobilize StrR, NalR, thr+ and sly+ chromosomal markers to B. pertussis or to B. parapertussis recipient strains. The frequency of plasmid transfer varied and depended on the donor and recipient strains used. Differences in chromosome mobilization frequencies of individual markers were observed and appeared to depend on the presence or absence of transposons Tn501 and Tn7 on the plasmid. Linkage was detected between the gly+ and NalR markers.
transposons on such plasmids has been shown to affect their ability to mobilize chromosomal genes (Kleckner et al., 1977; Willetts et al., 1981 ; Pemberton & Bowen, 1981 ; Pischl & Farrand, 1983) .
In the present study, plasmid-mediated chromosome mobilization in B. pertussis has been assessed using plasmids R68.45, RPl , RP1: : Tn501 and RP4 : : Tn7. Plasmid R68.45 has been shown to mobilize chromosomal markers at high frequency and has been used to map the chromosomes of several genera (Beringer & Hopwood, 1976; Beringer et al., 1978; Hamada et al., 1979; Megias et al., 1982) .
METHODS
Bacterial strains andplasmids. These are shown in Table 1 . In experiments which used a nalidixic-acid-resistant B. pertussis strain as recipient, plasmids were initially transferred to a NalS Escherichia coli host (JC3272). E. coli strains were stored on nutrient agar (NA) (Gibco) at 4°C or in nutrient broth (Gibco) containing 50% (v/v) glycerol at -20 "C. B. pertussis strains were stored on Bordet-Gengou agar (BGA) (Gibco) supplemented with 20% (v/v) defibrinated horse blood (Gibco) and nalidixic acid (40 pg ml-l) or streptomycin (200 pg ml-l) (Sigma) . Frozen stock cultures of B. pertussis were stored in a solution containing (g 1-l): casein acid hydrolysate (Peptone no. 5, Gibco), 10; MgClz.6Hz0, 0.1; CaCl2.2H20, 0.015; NaCl, 5, in SO% (v/v) glycerol at -70 "C.
Media and growth conditions. E. coli donor and recipient strains were grown overnight in 10 ml nutrient broth (Gibco) which, in the case of the donor strains, contained tetracycline (10 pg ml-l) (Sigma) to maintain the plasmid. E. coli minimal agar was that described by Clowes & Hayes (1968) . B. pertussis recipient strains were grown for 48 h in a casein hydrolysate-mineral salts (Cohen and Wheeler) medium (Cohen & Wheeler, 1946) at 37 "C with shaking. Where B. pertussis transconjugants were used subsequently as genetic donors, the medium was supplemented with kanamycin (20 pg ml-l) or tetracycline (10 pg ml-l) to maintain the plasmid. The B. parapertussis recipient strain was grown in 10 ml Cohen and Wheeler medium with shaking at 37 "C for 48 h.
For the isolation of auxotrophic mutants of B. pertussis, cyclodextrin solid medium (CSM) was used. This was based on the medium of Imaizumi et al. (1983) , but without the addition of Casamino acids and with the addition of BSA as used by . The concentration of BSA in the original recipe was 0.15% (w/v), but this was reduced to 0.05% (w/v), which provided an amino acid content that was insufficient to support growth of auxotrophs yet still allowed growth of the organism from small inocula. For selection of prototrophic recombinants, CSM containing BSA (0.05%, w/v) was used. Casamino acids were again omitted, but an amino acid solution containing serine, tryptophan, methionine, lysine, histidine and valine (20 pg ml-l final concentration of each amino acid) was added in order to enhance the growth of recombinant clones.
Isolation of mutant strains of B. pertussis. Nalidixic-acid-resistant strains of B. pertussis Taberman and B. pertussis Tohama were obtained by plating 100 p1 of a cell suspension on BGA containing nalidixic acid (40 pg ml-l). The suspensions were standardized to about lo9 cells ml-by comparison with the Fifth International Reference Preparation of Opacity (World Health Organisation International Laboratory for Biological Standards, National Institute for Biological Standards and Control, Holly Hill, London, UK). A filter paper disk soaked in a solution of N-methyl-N'-nitro-N-nitrosoguanidine (NTG, was placed in the centre of the plate. After incubation at 37 "C for 4 to 5 d, resistant colonies were visible around the paper disk, about 1.5 cm from the centre. Six independent nalidixic acid resistant (NalR) isolates of strain Tohama and eight NalR isolates of strain Taberman were obtained. Mutants of strain D30042, resistant to streptomycin (200 pg ml-l), were obtained using the same procedure.
Isolation of auxotrophic mutants of BPN6 and CSPl was done by adding NTG (final concentration 200 pg ml-l) to a 48 h shaken liquid culture. Incubation was continued at 37 "C in the presence of NTG for a further 5 h, after which time 20 ml of the culture was transferred to 100 ml fresh Cohen and Wheeler medium and incubated with shaking for a further 48 h at 37°C. After this, 0.4 ml of culture was centrifuged at 20000g in a Sarstedt microfuge and the cell pellet was resuspended in 1.6ml sterile saline (0.85%, w/v, NaCl). The cell suspension was used to inoculate 25 ml of a defined minimal (Stainer and Scholte) medium (Stainer & Scholte, 1971) containing penicillin G (Sigma) at a concentration of 6 Units ml-l. This was followed by incubation for 24 h at 37 "C to allow the penicillin to act on growing cells. From the 24 h culture, dilutions were plated on BGA. The plates were incubated for 4 to 5 d at 37 "C, after which time single colonies were tested for their ability to grow on CSM. Those which grew on BGA but not on CSM were then tested for their ability to grow on CSM in the presence of combinations of amino acids, purines and pyrimidines. Of 300 CSPl colonies examined, four had multiple auxotrophic requirements and two had single requirements (Gly-and Trp-) . Of 300 BPN6 colonies examined, one strain, with a single requirement (Thr-), was isolated. These organisms were used as recipients in gene transfer studies.
Mating procedures. For plasmid transfers, the plate mating procedure of Bradley et al. ( 1980) was used. Single colonies from stock plates were used to inoculate donor and recipient cultures. For transfer between E. coli donors and recipients, overnight cultures of each strain were mixed in equal amounts and 0.4 ml of this mixture was plated UK Haas & Holloway (1976) * Cb, carbenicillin; Km, kanamycin ; Nm, neomycin; Tc, tetracycline; Rif, rifampicin; Str, streptomycin; Nal, nalidixic acid; Cm, chloramphenicol; Tp, trimethoprim; Hg, mercury.
on nutrient agar (Gibco) and incubated at 37 "C for 5 h. For transfer between an E. coli donor and a B. pertussis recipient, 0.4 ml of a B. pertussis culture, grown in Cohen and Wheeler medium with shaking for 48 h, was plated on BGA and incubated for 48 h at 37 "C. A portion (0.4 ml) of an overnight culture of the E. coli donor was then spread onto the B. pertussis lawn and incubation was continued for a further 5 h at 37 "C. For plasmid transfer between B. pertussis strains and between B. pertussis and B. parupertussis, 48 h cultures of donor and recipient were mixed in equal amounts and 0.4 ml of this mixture was plated on BGA and incubated at 37 "C for 48 h. In all cases, transconjugant or recombinant recipient cells were selected by resuspending the mating mixture in 1.5 ml sterile saline and plating on media containing antibiotics at the following concentrations: kanamycin, 20 pg ml-l; carbenicillin, 50 pg ml-l; streptomycin, 200 pg ml-1 ; nalidixic acid, 40 pg ml-l; chloramphenicol, 10 pg ml-l. To select for recombinants carrying the mobilized thr+ or gly+ marker, CSM was used (see above). Nalidixic acid or streptomycin was also included to select against the donor organism. Plasmid transfer frequency is expressed as the number of transconjugants divided by the total number of recipient cells. Chromosome mobilization frequency is expressed as the number of drug resistant or prototrophic recombinants of the recipient divided by the total number of recipient cells.
RESULTS
We examined the ability of four IncP plasmids to transfer to B. pertussis from E. coli and subsequently to promote transfer of chromosomal markers to other strains of B. pertussis and B. parapertussis. The frequency of transfer of the plasmids from E. coli to B. pertussis was found to depend on the donor or recipient strains used (Table 2) . Plasmid transfer frequency to B. pertussis 44122/7R was generally higher than to strain BPT2, but this may have been due to the fact that different E. coli donor strains were used. The transfer frequency of R68.45 from E. coli 553-1 to B. pertussis 44122/7R was not affected by the presence of DNAase (100 p.g ml-*) in the mating medium (1.3 x per recipient both in the presence and absence of DNAase). DNA transfer by genetic transformation was therefore not contributing to plasmid transfer. Plasmids were stably maintained in 44122/7R and BPT2. After five subcultures of 20 individual colonies on BGA, all colonies tested continued to show resistance to kanamycin and tetracycline. Other studies which involved conjugal transfer of plasmids to B. pertussis from E. coli donors (Weiss & Falkow, 1982 used as mating medium BGA containing 10 m~-MgsO,. This may have had the effect of causing the B. pertussis cells to undergo a phenotypic change known as antigenic modulation (Lacey, 1960) , involving changes in envelope proteins and other surface properties (Parton & Wardlaw, 1975; Wardlaw & Parton, 1979) . The threshold concentration at which antigenic modulation occurs is 10 to 11 rn~-MgSo, (Brownlie et al., 1985) . In the present investigation, the presence of 20 mM-MgSO, was found to have essentially no effect on the plasmid transfer frequency of RPl , RP1: : Tn501, R68.45 or RP4 : : Tn7 from E. coli JC3272 to B. pertussis BPT2 (results not shown).
Before comparing the ability of these plasmids to mobilize chromosomal markers in B. pertussis, the ability to mobilize the chromosomal streptomycin resistance marker from E. coli JC3272 to E. coli K12 was examined. Plasmid transfer frequency was high between donor and recipient E. coli (e.g. 1.0 x 10-l for R68.45 and 5.9 x 10-l for RP : : Tn501) in comparison with the noticeably lower frequency of transfer between E. coli donor and B. pertussis recipients ( Table 2) . Mobilization of the chromosomal StrR marker from donor to recipient was markedly lower (1.2 x for R68.45 and 2.0 x for RP1: : Tn501) than the plasmid transfer frequency.
Selected transconjugants of B. pertussis 44122/7R, obtained in crosses such as those represented in Table 2 , were used to attempt mobilization of the StrR chromosomal marker during plasmid transfer to suitable recipient strains (Table 3 ). Plasmid transfer frequencies were similar to the frequencies observed in the initial transfer to 44122/7R from E. coli, with RP : : Tn501 transferring particularly well. However, the observed transfer frequencies were likely to be affected by growth of transconjugants during the mating incubation period. This was made longer for B. pertussis to B. pertussis or B..parupertussis crosses than for E. coli crosses to allow for clear expression of mobilized markers in these slow-growing organisms. Mobilization of the StrR marker occurred when plasmid R68.45 was used, the mean mobilization frequency being about 1 000-fold greater than the spontaneous mutation frequency for both recipient strains. However, with RP1: : Tn501, although the frequency of plasmid transfer was high, mobilization of the StrR marker was not detected.
Selected transconjugants of B. pertussis BPT2 (Table 2) were also used to attempt mobilization of the nalidixic acid resistance marker from the BPT2 donor strain using the StrR B. pertussis strain 44122/7R as recipient (Table 3) . The plasmids used, RPl : :Tn501, R68.45 and RP4 : : Tn7, all transferred at a higher frequency to 441 22/7R than to strains BPN6 or BPN2. It is of interest to note that plasmid transfer frequency was high when 44122/7R acted as recipient and BPT2 or BPN6 as donor, but was much lower when the plasmids were transferred in the opposite direction. The reason for this is not known. Although the StrR marker had apparently Transconjugants were selected on BGA containing kanamycin, carbenicillin and either nalidixic acid (A), streptomycin (B) or chloramphenicol (C).
Recombinants carrying the mobilized marker were selected on BGA containing nalidixic acid and streptomycin (A, B) or chloramphenicol and nalidixic acid (C). Results are the means of at least two observations. SEM values are in brackets. The spontaneous mutation rates of the donor and recipient strains to NalR and StrR (A), StrR and NalR (B) and CmR and NalR (C) respectively were, in all cases, < 10-lo.
A Table 4 .
Mobilization of chromosomal markers to an auxotrophic B. pertussis recipient
Transconjugants were selected on BGA containing kanamycin, carbenicillin and streptomycin. Prototrophic recombinants were selected on CSM containing streptomycin and prototrophic recombinants resistant to nalidixic acid were selected separately on CSM containing streptomycin and nalidixic acid. The spontaneous mutation rate of the donor to StrR was < 10-lo. Spontaneous mutation frequency of the recipient to NalR was < 10-lo and back mutation frequency to prototrophy was 
S'
been mobilized more efficiently by R68 -45 than by RPl : :Tn501, mobilization of the NalR marker was mediated at approximately the same frequency. Meaningful comparisons of mobilization of the StrR and NalR markers are difficult to make however, as donor and recipient host strains were reversed in these crosses. RP4 : : Tn7, which had not been used in the previous chromosome mobilization experiments, was found to mobilize the NalR marker at the highest frequency. Although streptomycin resistance is encoded by Tn7 in E. coli, it was possible to use RP4 : : Tn7 with B. pertussis as recipient since it was found that B. pertussis carrying RP4 : : Tn7 did not exhibit streptomycin resistance. Plasmids were also used to attempt inter-species mobilization of the NalR marker from B. pertussis to B. parapertussis ( Table 3 ). The BPT2 donors were again transconjugants obtained in an earlier experiment (Table 2 ). Plasmids RP4 : : Tn7 and RPl : : Tn501 transferred at high frequencies to B. parapertussis, at approximately a fiftyfold greater frequency than R68.45. RP4: :Tn7 mobilized the NalR marker at a greater frequency than either R68.45 or RP1: :Tn502. The expression of the B. pertussis marker in B. parapertussis occurred at a frequency at least 300 to 1000-fold greater than the spontaneous mutation frequency to NalR in B. parapertussis.
Plasmids were tested for their ability to promote exchange of nutritional markers (thr+, trp+ and sly+) from BPT2 or 441 22/7R to auxotrophic recipients. Recombinant prototrophic colonies were selected on CSM containing streptomycin, to which CSPl was resistant, or nalidixic acid, to which BPN6 was resistant. Spontaneous reversion of BPN6 (thr) and CSPl (trp) to prototrophy was high (1.0 x respectively). The high reversion rate to prototrophy in these two strains made it difficult to evaluate the chromosome mobilization frequency for these mutations and in only one cross, 44122/7R (RPl) against BPN6 (thr), was the prototrophic marker mobilized to the auxotrophic recipient at a frequency significantly above the background of reversion (2.4 x & 1.3 x lo+). CSPl (gly) had a much lower reversion frequency (< and mobilization of the gly+ marker from a B. pertussis BPT2 donor by plasmids R68.45 and RP4 : : Tn7 was clearly detected, but not when RPl : : Tn501 was used (Table 4) . In these experiments, prototrophic recombinants and prototrophic recombinants which were also resistant to nalidixic acid were selected separately in order to test for inheritance of the chromosomal NalR marker along with the gly+ marker. Co-transfer of the two markers was detected with both R68.45 and RP4 : : Tn7, but the average co-inheritance was higher with RP4::Tn7 (60%) than with R68.45 (12%). However, since the extent of mobilization of each of the markers varied from one experiment to another this difference may not be significant. and 2.7 x
DISCUSSION
The ability of B. pertussis to take up plasmids from E. coli by conjugation has already been demonstrated (Weiss & Falkow, 1982) ; plasmid RP4 was transferred at a frequency of per recipient. In our studies the frequency of plasmid transfer to B. pertussis from E. coli ranged from depending on the plasmid and recipient strain used. Plasmids were stably maintained in B. pertussis and transconjugants could be used as genetic donors to promote mobilization of the bacterial chromosome. The presence of Tn502 on RP1 enhanced mobilization of chromosomal markers in Rhodopseudomonas sphaeroides (Pemberton & Bowen, 1981) . Heteroduplex analysis has shown the plasmids RP4, R68 and RPl to be identical, while R68.45 differs from R68 only by the presence of a 21 20 bp DNA insertion (Burkhardt et al., 1979; Riess et al., 1980) . Thus, any differences in the frequency of chromosome mobilization may be attributable to the presence of the insertion or the transposon. In comparing mobilization of the streptomycin resistance marker from 44122/7R donors, it was found that while plasmid RP1: : Tn502 transferred at a higher frequency than R68.45, the frequency at which RP1: : Tn502 mobilized the resistance marker was lower than that of R68.45. The ability of the plasmids to mobilize the nalidixic acid resistance marker also differed, with RP4 : : Tn7 being the most efficient. In our hands, the presence of Tn502 on RPl appeared generally to reduce the frequency of mobilization in comparison with the other plasmids used. However, the to Gene transfer in Bordetelfa pertussis 269 1 presence of Tn7 on RP4 appeared to have the opposite effect (Table 3) . In E. cofi, Tn7 inserts preferentially at a certain site on the chromosome (Lichtenstein & Brenner, 1981) and, if a similar process occurs with B. pertussis, RP4 : : Tn7 may be useful as a donor plasmid which mobilizes host chromosomal genes from one origin. The only previous report of mobilization of a prototrophic marker in B. pertussis involved the use of a tryptophan-requiring mutant as a recipient with selection for prototrophs on a minimal medium based on Stainer and Scholte agar containing BSA . Mobilization of the trp marker was reported at a frequency of per recipient. Using CSM as a minimal medium we obtained mobilization of the gly marker with plasmids R68.45 and RP4 : : Tn7 at approximately the same frequency. Nalidixic acid resistance was co-transferred with the gly marker. Linkage of these two markers represents the third report of linked genes in B. pertussis; 7 % co-transfer of rifampicin resistance with streptomycin resistance was reported by and 7 % co-transfer of haemolysin with rifampicin resistance was also seen .
We found CSM to be the best medium for the isolation of the auxotrophic mutants and for selection of prototrophic recombinants, although it was unfortunate that two of the three auxotrophs isolated had a high reversion frequency. In our hands, Stainer and Scholte agar supplemented with 0.15% (w/v) BSA or a modified Stainer and Scholte agar containing charcoal (Kloos et al., 1979) did not support growth of phase I (wild-type) organisms as single colonies.
The ability of R-plasmids to mobilize markers between B. pertussis and B. parapertussis may prove useful in the study of expression of individual virulence characteristics of B. pertussis such as pertussis toxin and agglutinogens. B. parapertussis is a genetically similar organism with much homology between the chromosomal DNA of the two species (Kloos et al., 1979) . Thus, B. parapertussis may be a suitable recipient in which to obtain expression of B. pertussis chromosomal genes. Continued exploitation of this gene transfer system should enable studies on linkage between drug resistance, auxotrophic and virulence markers to be done. It should allow the expression of individual virulence factors to be separated and will complement other approaches to the study of B. pertussis virulence such as transposon mutagenesis and in vitro cloning techniques.
